Abstract-For contacting boron emitters by screen-printing metal pastes, up to now, it has been necessary to add a small amount of Al to the Ag paste to facilitate a reasonable contact resistivity. With the addition of Al to the Ag paste, deep Ag/Al spikes appear, which can be deep enough to penetrate the emitter and, therefore, affect the emitter and space charge region, and, finally, affect the performance of the solar cell. In this paper, a transmission electron microscopy (TEM) analysis of these Ag/Al spikes is presented. The crystalline nature of the Ag/Al spikes is revealed for different surface structures of the crystalline Si wafer and different Al contents in the screen-printing paste. This result is confirmed by X-ray diffraction measurements of etched-back contacts. Additionally, TEM energy-dispersive X-ray spectroscopy facilitates the examination of the Si-rich inclusions found in the Ag/Al spikes. They prove to be multicrystalline Si precipitates with at least 99 at% Si. The observations help to understand the contact formation process of Al containing Ag screen-printing pastes and support the previously presented model. Index Terms-Ag/Al, boron emitter, crystallinity, screenprinting, transmission electron microscopy (TEM), X-ray diffraction (XRD).
I. INTRODUCTION
S CREEN-PRINTING is a commonly used metallization technique for contacting solar cells. For the front-side metallization of crystalline p-type Si solar cells, Ag screen-printing pastes are frequently used. The contact formation process of these Ag pastes was thoroughly investigated [1] - [3] . For Ag screen-printing pastes on n + -emitters, small Ag spikes can be found at the Si surface. The crystalline nature of these Ag spikes was exposed by Ballif et al. [4] . It is generally assumed that these Ag crystals are an indispensible condition for a low specific contact resistance [4] - [6] . For contacting p + boron emitters, Ag screen-printing pastes containing a small amount of Al are commonly used to reach low enough contact resistivities [7] - [9] . However, latest results show that in special cases, pure Ag paste might give a good contact as well [10] . The contact formation process of Ag/Al pastes differs from that of pure Ag screenManuscript received September 7, 2015 ; accepted October 11, 2015 . Date of publication November 11, 2015 ; date of current version December 18, 2015 . This work was supported in part by the German Federal Ministry for the Environment, Nature Conservation, and Nuclear Safety under Grant FKZ 0325426 and Grant FKZ 0325079. The content of this publication is the responsibility of the authors.
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printing pastes [11] . The contacts feature deeper metal spikes that can be deep enough to penetrate the emitter. The influence of these spikes on cell performance was investigated by different groups [12] - [14] and is a topic of ongoing research activities. The investigation of the contact formation process and the mechanism behind the growth of these metals spikes can lead to a further understanding of their impact on cell performance and possibly help to develop pastes that avoid this negative impact. However, up to now, most studies dealing with the microstructure of screen-printed Ag/Al contacts were based on scanning electron microscopy (SEM) analysis and, therefore, lack of information about the crystallographic structure and orientation of the Ag/Al contact spots [11] , [15] , [16] . In addition, the spatial resolution of SEM energy-dispersive X-ray (EDX) spectroscopy is limited to >1 μm as a result of the large activation volume of the electrons in a bulk sample. As the transmission electron microscopy (TEM) lamellas prepared in this study have a thickness of <100 nm and the acceleration voltage is higher than in SEM systems [17] , the spatial resolution of TEM EDX is much better, and smaller areas can be investigated as well.
In this paper, a detailed TEM analysis of metal spikes occurring below screen-printed Ag/Al contacts is presented. The nature of the Ag/Al spikes is investigated for Si samples with different surface structure and Ag/Al pastes with different Al content. The TEM investigation of the metal spikes is supported by X-ray diffraction (XRD) measurements of etched-back contacts. Additionally, Si inclusions found in the metal spikes are analyzed by means of TEM. The results are discussed with regard to the model for contact formation of Ag/Al pastes to boron emitters presented in [11] . According to that model, contact formation is based on melting of Al particles, which dissolve the surrounding Ag forming an Ag/Al phase at temperatures above 660°C. Where the Ag/Al gets in contact with the Si surface, Si is dissolved. During cool down of the wafers, Ag/Al spikes solidify in these regions and Si precipitates in the Ag/Al phase. The role of the glass frit in the paste is primarily to remove the antireflection layer.
II. SAMPLE PREPARATION AND EXPERIMENTAL DETAILS
For the analysis, (100)-oriented n-type Cz Si wafers were used. The wafers were treated in different ways to realize different surface structures: Wafers were either etched in NaOH to realize plane (100)-oriented surfaces or alkaline textured to obtain a pyramidal surface texture with (111)-oriented pyramid planes or plasma textured [16] . After cleaning, a 50-Ω/ emitter was diffused in a BBr 3 -based open tube furnace process. The removal of the borosilicate glass was followed by the deposition of a 75-nm-thick plasma-enhanced chemical vapor deposition (PECVD) SiN x :H. To investigate the influence of the SiN x :H layer, a group of samples with alkaline surface texture but without SiN x :H was prepared as well. In the following, an Al-containing Ag paste with a medium Al content was screen-printed on the wafers. For the alkaline textured wafers with SiN x :H, an Ag paste with a medium Al content and a paste with a high Al content, but apart from that the same composition, were screen-printed. Then, the samples were fired in a belt furnace with a peak firing temperature of 810°C measured on the wafer. For preparation of TEM lamellas, the samples were first etched in hydrofluoric acid (HF 5%), removing the glass layer of the contact fingers and the bulk metal. The remaining Ag/Al contact spots were analyzed by means of SEM. Then, adequate contact spots were selected and TEM lamellas were prepared by focused ion beam (FIB). After cutting the lamellas out of the samples, they were positioned on a TEM grid and thinned to <100 nm. The TEM analysis was then conducted at a JEOL JEM-2200FS high-resolution TEM (HRTEM) (200 kV) and an FEI TITAN 80-300 probe-corrected scanning/transmission electron microscopy (300 kV).
For the XRD measurement, alkaline textured wafers with SiN x :H layer were selected and processed in the same way as the TEM samples. To guarantee a high amount of Ag/Al spikes at the Si surface, the Ag/Al paste with high amount of Al was screen-printed. The samples were etched back in HF as well to remove the contact finger and allow the examination of the Ag/Al contact spots. The XRD measurements were conducted under a fixed grazing incidence angle of 2°to minimize the signal of the Si substrate. Fig. 1(b) , the selected area diffraction pattern (SAED) of the Ag/Al spike recorded under the same sample tilt can be seen. The crystalline nature of the metal is clearly visible, but there is no particular orientation relation between the Si lattice and the metal for this sample tilt. The SAED does not change when moving through the Ag/Al spike and over the dark lines in the STEM images. Fast Fourier transformation (FFTs) performed at HRTEM images of the same sample show as well the same point diffraction pattern at different areas in the metal spike. Therefore, we conclude that the Ag/Al spike is monocrystalline.
III. RESULTS

A. Wafer With SiN x :H Layer
The composition of the metal spikes of the different samples was investigated by TEM EDX. The crystals consist of Ag with a low-Al content measured between 1.5 and 5 at% and up to 3 at% Si [compare Fig. 6(b) ]. For the investigated samples, the Al fraction is independent of the Al content of the paste. The latter can be explained by the Al distribution in the paste. The Al is not homogeneously distributed in the Ag paste. Al particles with a size of some micrometers are randomly located in the paste. As explained in [11] , these particles melt and dissolve the surrounding Ag. Where this Ag/Al phase gets in contact with the Si surface, Ag/Al spikes can be found after cooling down the wafers. When the screen-printing paste contains a higher Al fraction, that means more Al particles, these events occur more frequently. However, the Al content of a single Ag/Al phase To confirm the crystalline nature of the metal spikes, XRD measurements were conducted. A typical XRD spectrum is shown in Fig. 2 . The angles of the reflexes for some Ag, Al, and Si orientations [18] are plotted, as well as vertical lines. The measurement indicates that the metal exhibits an Ag crystal structure. The Al and Si, therefore, must be integrated into the Ag lattice. Different Ag peaks appear in the spectrum. This could be explained due to multicrystallinity of the Ag/Al spike. Another explanation is that varying orientations of the different spikes on the sample cause the different Ag peaks, as the X-ray spot has a size of around 1 mm, and therefore, several metal spikes are included in the measurement. Since the diffraction pattern in Fig. 1 and the FFTs show the same point pattern for different areas in a single spike, indicating that the metal spikes are monocrystalline, the second explanation is more likely.
In Fig. 3(a) , HRTEM image of the Ag/Si interface of a NaOH etched sample can be seen. The FFTs of the two regions are shown next to the image. No amorphous interfacial layer between the Ag/Al spike and the Si crystal is visible. The same is true for the HRTEM image of the plasma etched samples in Fig. 4 . The silicon oxide (SiO x ) that can be found in this image stems from the protection layer used during the lamella preparation with FIB. For both surfaces, the Ag/Al spikes are of monocrystalline structure as well. In most cases, no interfacial layer could be found between the Si and the Ag crystal. However, a few contact spots, not shown here, were separated from the Si crystal by an amorphous layer (some nanometer thickness). As this layer generally occurs only locally, it should not influence the macroscopic current transport to a large extent. Fig. 5(a) shows a STEM cross section of an Ag/Al spike on an alkaline textured sample without SiN x :H. The spike does not show the shape of an inverted pyramid. The bright layer on top of the Ag crystal is a residual SiO x protection layer. Inclusions with bright contrast, similar to the ones found in the Ag/Al phase of the bulk contact in [11] , can be seen in the Ag/Al crystal. TEM EDX measurements reveal that these inclusions consist of at least 98 at% Si as can be seen in the spectrum in Fig. 6(a) . For comparison, an EDX spectrum of the metal spike surrounding the inclusion can be seen in Fig. 6(b) . On closer inspection [see Fig. 5(b) ], some lines are visible in the Si inclusion.
B. Wafer Without SiN x :H Layer
In Fig. 7(a) , HRTEM image of a crossover point of some of these lines is shown. The lattice planes visible in the right image (d) in the regions termed I and II show different orientations indicated by the white-dashed lines. Reduced FFTs of the different regions show different crystal orientations. Fig. 8 shows the interface between the Si inclusion and the metal spike. A layer of amorphous Si is clearly visible. This layer has a thickness of around 5 nm and is surrounding the Si inclusion. Si inclusions like the ones observed here occur as well in contacts on wafers with SiN x :H, but less frequently. For overfired samples, however, their number increases on these samples. This temperature dependence can be observed on samples without SiN x :H as well: For lower firing temperatures, fewer inclusions can be found.
IV. DISCUSSION
The HRTEM images and diffraction patterns of the Ag crystals on the different samples reveal the crystalline nature of the Ag/Al spikes. This result is confirmed by XRD measurements of Ag/Al spikes of an etched-back contact on an alkaline textured sample. The metal spikes have an Ag crystal structure with Al and Si probably incorporated in the Ag lattice. In contrast with the Ag crystals of pure Ag screen-printing pastes on phosphorous emitters where some crystals show an epitaxial relation to the Si crystal [5] , the Ag crystals of Ag/Al do not show the same 011 orientation as the Si substrate, as can be seen by comparing the diffraction patterns of the Si and the Ag crystal in the different figures. Additionally, the fact that there are different Ag peaks in the XRD spectrum confirms that the crystals on one sample feature different orientations. This indicates that there is no particular relation between the Si and the Ag crystal.
The samples presented in this study show a monocrystalline structure of the metal spikes. Multicrystalline metal areas have also been found in another Ag crystal, which is not shown here. It is, therefore, concluded that the Ag spikes normally grow monocrystalline. However, rarely multicrystalline regions form as well. Probably, this occurs at regions in the spike where the crystal growth is disturbed, e.g., at interfaces. As the crystal observed in Fig. 1 seems to be monocrystalline, the lines that can be seen in the STEM image cannot be grain boundaries. They probably present dislocations in the Ag crystals. It is not clear if these dislocations form during crystal growth and cooling down to room temperature or are a result of the lamella preparation using FIB. Another possibility would be that the lines are Al or Si precipitates that form in the Ag crystal during cool down. As no enhanced Al or Si content could be found in these regions, this explanation is improbable but cannot be excluded as the lines are pretty thin.
For the sample without SiN x :H, Si inclusions can be found in the Ag crystals. These Si inclusions are multicrystalline and surrounded by a thin layer of amorphous Si. They occur more frequently for high firing temperatures. It is assumed that the Si-rich areas in the Ag/Al phase in the bulk contact reported in [6] are formed by the same mechanism and are multicrystalline Si precipitates as well. In the firing process, Si is dissolved in the Ag/Al phase. During cooling down of the wafers, Si precipitates in the Ag/Al phase of the contact, in the Ag crystals growing into the Si surface, and in the Ag/Al phase in the bulk contact.
The observations made in this investigation match well with the model for contact formation of Ag/Al screen-printing pastes presented in [11] , especially the processes taking place during the cooling step. In the firing process at temperatures above 660°C, the Al in the screen-printing paste starts to melt and dissolves the surrounding Ag. When the SiN x :H is locally opened below the Al containing parts of the contact, Si is dissolved in the Ag/Al phase. For samples without SiN x :H, this step starts earlier as no antireflection layer has to be etched away. Therefore, for samples fired with the same temperature profile, more Si should be dissolved in the Ag/Al phase for the samples without SiN x :H. For higher peak firing temperatures, the Si content in the Ag/Al phase rises as well. During cool down, the Si solubility in the Ag/Al phase formed during firing is exceeded. Si precipitates in a multicrystalline form. For higher Si contents in the former Ag/Al phase, more Si crystals form. The Ag/Al crystallizes in a (monocrystalline) Ag lattice with incorporated Al and Si atoms.
V. SUMMARY
In this study, a TEM investigation of metal spikes grown into differently structured Si surfaces below screen-printed Ag/Al contacts has been presented. For the first time, the crystalline nature of the metal spikes was demonstrated. They consist mainly of Ag with up to 5 at% Al and 3 at% Si independent of the Al content of the paste. XRD measurements confirm the crystallinity of the metal. As only Ag reflexes could be found in the XRD spectrum and no reflexes from Al and Si, it was concluded that the crystals have an Ag crystal structure with Al and Si incorporated in the Ag lattice.
For all investigated Si surfaces, the crystalline nature of the metal spikes was clearly shown. No particular relation between the Ag crystal and the Si lattice could be found. The presented metals spikes have a monocrystalline structure.
Inclusions found in the Ag crystals of the sample without SiN x :H layer turned out to be multicrystalline Si precipitates. They develop during cool down in the firing step, when the Si solubility limit is exceeded.
The presented results confirm the model for contact formation of Ag/Al screen-printing pastes published recently [11] .
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